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Abstract: The effect of surface characteristics and morphology of poly(imide siloxane) (PIS)
on the true interfacial adhesion between PIS films and alloy-42 substrates was studied. The effect
of the viscosity of PIS films and the surface treatment of deep UV/O;3 (d-UV/O3) on alloy-42
plates on the peel strength of PIS films/alloy-42 joints has also investigated. 3,3',4,4'-benzophe-
none tetracarboxylic dianhydride/2,2'-bis[4-(3-aminophenoxy)phenyl]sulfone (BTDA/m-BAPS) based
PIS films with @, @-bis(3-aminopropyl)polydimethyl siloxane (APPS) molecular weight
M, = 996 g/mole (PIS9Siy) show two phases in all compositions and the linear dependence of
the critical surface tension on the surface concentration of the silicon, [Sig,¢], on the PIS films.
The PIS films with the APPS M, = 507 g/mole (PIS5Siy) or M, = 715 g/mole (PIS7Siy) exhibit a
morphology change from a homogeneous phase to an inhomogeneous phase starting at the mole
ratio (y) of APPS/PIS = 2.7% and 1.1%, respectively. The curves of critical surface tension
dependence on the [Si,y] discontinue or deflect at these two compositions, respectively. The
treatment of d-UV/O; on alloy-42 plates improves the wetting on the alloy surface and promotes
the peel strength between the PIS films and alloy-42 plates by a magnitude of > 20%. These
results show that the flowability of the same PIS films bonding at different temperatures signifi-
cantly affects the bonding strength of the joints, but the flowability of different PIS films bonding
at the same temperature, e.g. 400 °C, is not the key factor governing the bonding strength of
the joints. The true interfacial adhesion of the PIS5Si0.6/alloy-42 joint is 80% higher than that of
the unmodified BTDA/m-BAPS based polyimide film/alloy-42 joint. However, zero true interfa-
cial adhesion is obtained between the PIS9Siy films and alloy-42 plates. The wetting kinetics
experiment shows that the higher the siloxane content in the PIS, the higher the activation energy
for the adhesive bonding process. Moreover, the phase sepration significantly increases the activa-
tion energy. The scanning electron micrographs of the peeled-off PIS film surfaces from the
PIS/alloy-42 joints reveal the rougher surface morphology from the sample with the higher interfa-
cial adhesion.
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Introduction

Polyimides, being thermally stable and me-
chanically tough, have been widely utilized in the
electronic and microelectronic industries [1-4] and
aerospace fields [5-7]. Polyimides are usually modi-
fied with siloxane segments to confer low moisture
absorption [4] and high qualify interfacial adhesion
on the polyimide/substrate interface [4,8-12]. Si-
loxane modified polyimides, called poly(imide
siloxane)s, (PISs), are block copolymers consisting
of imide and siloxane blocks. In the memory device
package using Lead-on-Chip (LOC) technology, the
leadframe (metal) is laminated on the top of the in-
tegrated circuit (IC) chip with a double sided adhe-
sive tape (e.g. a poly(imide siloxane) tape) by a hot
press process taking several seconds. The reliabil-
ity of the interfacial adhesion between the PIS film
and the substrate is crucial. It has been shown that
the adhesive strengths of the polymers are related to
their surface properties (e.g. critical surface tension)
[13]. L. H. Lee [14] proposed that the critical sur-
face tension of a copolymer is related to the mole
fraction and the critical surface tension of each
homopolymer. In most of the interfacial adhesion
studies of polyimides or PIS on various substrates,
the polyimide films were usually applied either from
poly(amic acid) solution onto the substrates and
cured at elevated temperatures [3,10,15-18] or ap-
plied via chemical vapor deposition [19]. However,
in the LOC package, the polyimide standing film is
directly laminated on the lead frame substrate under
pressure and heat in a short time. The interfacial
adhesion is mainly dependent on the adsorption of
the metallic substrate surface with the polyimide ad-
hesive by means of adsorption adhesion [20]. The
surface tension and the wettability of the polyimide
film to the substrate are critical in adhesion behavior.

For LOC applications, the polyimides are modi-
fied with siloxanes to improve the interfacial adhe-
sion with the metallic substrates. Because of the
difference in the solubility parameters between the
aromatic imide blocks and the siloxane imide blocks
in the PIS, the incorporation of different contents
and molecular weights of the siloxane segment can
cause a change in the morphologies of the PIS film,
e.g. in the phase separation [21]. In turn, it may
change the adhesive strength of the PIS on the
substrate. In general, siloxanes due to low surface
energy are known as release agents. Their relatively
low surface energy causes the siloxane segments to
migrate to the polymer surface with relative ease [9,
15]. Tt is well known that surface composition plays
an important role in the wettability of the surface.
Moreover the flowability of the polymer film may
affect the interfacial adhesion of the film/substrate

joint. However, a systematic study of the correla-
tion of the interfacial adhesion of the PIS/alloy-42
leadframe joints with the morphology, the surface
characteristics and the high temperature flowability
of the PIS film is not available. In this study, a
series of poly(imide siloxane)s were prepared from
BTDA, m-BAPS and APPS with various APPS con-
tents and three APPS molecular weights to study the
effect of the composition and morphology,
wettability and flowability of the PIS film on the
interfacial adhesion of PIS/alloy-42 joints. In
addition, a simple procedure called a d-UV/O; pro-
cess is carried out to improve the interfacial adhe-
sion by treating the surface of the leadframe metal
in air with a deep UV light (A = 172 nm), which can
generate ozone molecules that work together with
the deep UV light to clean the surface. Each of the
PIS films is directly hot-pressed onto an alloy-42
substrate in several seconds. The adhesion strength
is measured using a self-designed peel tester, while
the surface tension and composition are measured
using a surface tension testing device and an X-ray
photoelectron spectroscope (XPS), respectively. The
glass transition temperature and the mechanical prop-
erties are studied with a dynamic mechanical ana-
lyzer (DMA), the peeled-off surface morphologies
are determined with a scanning electron microscope
(SEM), and the viscosity (or the flowability) is mea-
sured with a rheometric dynamic spectrometer.

Experimental

1. Materials and their purification

High purity octamethylcyclotetrasiloxane (D4,
purity > 97%), 1,3-bis(3-amino-propyl)-1,1,3,3-
tetramethyldisiloxane (DSX, purity > 97%) from
United Chemical Technologies and tetramethylam-
monium hydroxide pentahydrate (purity > 98%)
from Lancaster Synthesis Ltd. were used in synthe-
sis without further purification. BTDA (Aldrich Co.)
was purified by recrystallization from acetic anhy-
dride (purity: 99.8%, Tedia Co.) and then dried in a
vacuum oven at 120 °C for at least 14 hours. High
purity (99.23%) m-BAPS (Chriskev Co.) was sub-
jected to a thermal treatment in a vacuum oven at
90 °C for 3 hours prior to use. N-Methyl-2-pyrroli-
done (NMP, Tedia Co.) was dried over molecular
sieves. The leadframe material was an alloy-42 plate,
an alloy of nickel and iron, available from Sitron
Precision Co., Ltd.

2. Synthesis of APPS oligomers

A catalyst for tetramethylammonium siloxano-
late (TMAS) was prepared from 4.31 g (0.0233
moles) of tetramethylammonium hydroxide
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pentahydrate and 32.11 g (0.1050 moles) of D4 in a
3-neck flask with magnetic stirring at 62~66 °C un-
der a strong argon stream for about 48 hours [22-
24]. The argon stream was bubbled through the
reaction solution to remove the water completely.
After the completion of the dehydration, a viscous
translucent siloxanolate catalyst was obtained and
stored in a refrigerator before the synthesis of APPS
oligomers.

Three APPS oligomers were synthesized using
an equilibration polymerization method [22,25,26]
involving DSX and D4 in the presence of the
siloxanolate catalyst. The reactions are shown in
Scheme 1.

Three APPS oligomers were synthesized with
molecular weights equal to 507, 715, and 996
g/mole, respectively, and corresponding to n = 4.5,
7.3, and 11.1, respectively. The APPS oligomer of

molecular weight 507 g/mole was prepared by first
heating the mixture of 8.42 g (0.0339 moles) of DSX
along with 4.99 g (0.0168 moles) of D4 to 80 °C in
a flask with a nitrogen stream, and then adding 0.13
g (~1.0 wt%) of tetramethylammonium siloxanolate
catalyst into the mixture. The reaction was con-
ducted at 80 °C for 48 hours, and then raised to
150 °C for 3 hours to decompose the catalyst. After
cooling, the mixture was vacuum (~0.1 torr) stripped
at about 105 °C for 4 hours to remove the residual
D4. The number average molecular weight, I\Tn, de-
termined by means of the proton nuclear magnetic
resonance ('"H NMR) spectroscopy [25], was 507 g/
mole. Similarly, the APPS oligomers of molecular
weights 715 g/mole and 996 g/mole were synthe-
sized by the same method with the appropriate mole
ratio of DSX/D4 and with the same weight percent
of the catalyst in the reaction and their molecular
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weights were also characterized with the proton
NMR.

3. Sample preparation
A series of polyimides_were prepared from
BTDA, m-BAPS and APPS (M, = 507, 715 and 996

g/mole, respectively). The reaction is shown in
Scheme 2. The percentages of the mole ratios of
APPS to poly(imide siloxane), APPS/PIS, were 0,
04,06, 1.1,1.7,2.7,7.7, 10.0, 13.7, 16.6, 19.0,
49.7, and the mole ratio of the total diamines to the
dianhydride for the reactions was kept at 1/1.01. The
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moles of PIS are defined as the total mole number
of the dianhydrides and the diamines. The PIS with
the APPS/PIS mole ratio of 49.7 was prepared from
APPS and BTDA (1/1.01 mole ratio), but no m-
BAPS.

The poly(imide siloxane)s made from APPS
with the molecular weight of 507, 715, and 996
g/mole, respectively, were encoded as PIS5Siy,
PIS7Siy, and PIS9Siy, respectively, with the "y"
value standing for the percentage of the mole ratio
of APPS/PIS.

A three neck 100 mL round bottom flask was
fitted with a mechanical stirrer, a nitrogen inlet, and
a gas outlet. The flask was first purged with nitro-
gen gas and heated on a hot plate to remove the
moisture. Then, the flask was cooled down to the
ambient temperature under a nitrogen stream.

In a typical reaction to prepare PIS55i0.6,
1.6110 g of BTDA (0.0050 moles) was added into
the solution containing 2.1279 g of m-BAPS (0.00492
moles), 0.0414 g of APPS (0.00008 moles) and
10.7528 g of dry NMP. BTDA was introduced into
the solution in five portions an hour apart. The
poly(amic acid siloxane), (PAAS), solution was then
stored in a freezer (at about -15 °C). Polymeriza-
tions were conducted at a solid content (w/w) of
26%.

For critical surface tension and surface compo-
sition measurements, the poly(amic acid siloxane)
was spin-coated on a clean glass slide and then
imidized in a vacuum oven at temperatures of 100,
150, 200, 250 and 300 °C, each for 1 hour. The
samples were placed in clean glass containers with
lids, then stored at 23 £ 3 °Cand 55+ 5% R.H. in a
dry box before testing.

For thermal or mechanical properties testing,
the PAAS solution was coated on a PET sheet with
a thickness of 250 um. The PAAS was then heated
at 100 °C for 1 hour in a forced air convection oven
to remove the solvent. The PAAS film was then
transferred to a rectangle stainless frame clamp and
imidized at temperatures of 150, 200, 250 and
300 °C, each for 1 hour. The film thickness was
28 £ 2 pm. Other PIS films were also prepared in a
range of thicknesses from 7 to 62 um for peel
strength measurement.

Similarly, the films of other poly(imide
siloxane)s with different mole ratios of APPS/PIS
and different molecular weights of APPS were also
prepared by the same method.

Peel test specimens were prepared by pressing
directly the sample PIS film onto the alloy-42 plate
using the following processes. (1) The alloy-42 plate
(40 mm x 25 mm x 0.2 mm) was first cleaned with
degreasing solution (5 wt%, Galtin 212} at 50 °C
for 5 minutes and then ultrasonically cleaned in

deionic water and acetone. It was then dried in a
nitrogen stream and in an oven at 160 °C for 10
minutes. (2) The PIS film or the alloy-42 plate was
treated with a deep UV/O; source (wavelength 172
nm, 200 W, Xe," excimer Model: UER20, USHIO,
Inc.). The distance of irradiation was 8.0 mm, and
irradiation time was 0, 0.6, 1, 2, 3, 5, 7, or 10
minutes. (3) The alloy-42 plate was put on a hot
plate at a controlled temperature and the PIS sample
film (25 mm X 5 mm) was suspended over the 42-
alloy plate at a distance of ~5 mm at the ambient
temperature of 150 °C for 8 minutes, followed by
applying a load of 3~13 Kg/cm® for 2~10 seconds.
It was then stored in a desiccator for peel strength
measurement.

4. Measurement and characterization

The morphology and phase behavior of the PIS
films were studied with an Olympus BHSM polariz-
ing optical microscope and a SEM. The details have
been described in our previous paper [21].

A series of homologous surface tension stan-
dard solutions (Sherman Treaters Ltd., U. K., mix-
tures of 2-ethoxyethanol formamide and methylene
blue dye), with surface tensions of 58, 50, 40, 35,
31 dyne/cm, were used in the critical surface ten-
sion measurements of the PIS films. The surface
tensions of the standard solutions were double-
checked by the Fisher autotensiomat (model :
KIOST) at 22 + | °C and 55 + 5% R.H. the preci-
sion of the surface tension values was less than -0.5
dyne/cm. The contact angles of the PIS films
(supported upon a clean glass slide) with the stan-
dard solution were measured by the equilibrium
sessile-drop method using a goniometer (model 100-
00, Rame-Hart, Inc.). The measurements were car-
ried out at 22 £ 1 °C and 55 + 5% R.H. in an air-
conditioned room. At least three drops (1.5~2.0 mm
diameter, prepared with a microsyringe) of each so-
lution on the surface of the sample films were
observed. Equilibrium contact angles were measured
on both sides of each drop within 25 seconds. The
errors were less than 5%.

The critical surface tension of the sample was
evaluated by the Zisman's linear approximation
method [20,27]. A curve regression was used to fit
a straight line to the points using a computer pro-
gram (Sigma plot program).

Similarly, the contact angles of the surface of
the cleansed alloy-42 plate and the glass slide with
deionic water were measured by the same method.
The surface was treated with the d-UV/O;5 device at
an irradiation distance of 8.0 mm before
measurement. The irradiation time was 0, 20, 40,
60, or 120 seconds. Glass transition temperatures
of the aromatic imide blocks of the poly(imide
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Table I. The glass transition temperatures of the BTDA/m-BAPS imide block and tensile moduli of poly(imide siloxane)s from a
dynamic mechanical analyzer. and the microscopic observation of the poly(imide siloxane)s.

Sample code

PIS5Siy PIS7Siy PIS9Siy
T,  Tensile modulus  Phase T, Tensile modulus  Phase T,V  Tensile modulus  Phase
Qgﬁsﬁfﬁg (%. "y (°C) (Gpa) separation  (°C) (Gpa) separation  (°C) (Gpa) separation
0 252 3.29 £ 0.09 H™ 252 3.29+£0.10 H 252 3.29£0.10 H
0.4 - -- -- -- -- -- 244 2.83+0.11 PS*
0.6 251 3.21+£0.10 H 244  3.05£0.11 H 244 281 £0.12 PS
1.1 245 3.12%0.11 H 244 3.00+0.13 PS 243 2.69+0.12 PS
1.7 241 3.00£0.11 H 242 293+0.13 PS 241 247 £0.13 PS
2.7 238 2.78+0.13 PS 240 250%0.14 PS 239 230£0.14 PS
7.7 224 235+0.14 PS 231 203+0.13 PS 233 1.77£0.16 SPC™
10.0 -- -- PS 229 1.74 £ 0.15 SPC -- -- --
16.6 195 1.84£0.16 SPC -- -- -- -- -- --

(a) The glass transition temperature of the aromatic BTDA/m-BAPS imide block, and the standard deviation for the T, is less than £] °C.

(b) A homogeneous phase.
(c) Not determined.

(d) Two phase, one siloxane-rich phase dispersed in BTDA/m-BAPS rich phase.

(e) The siloxane-rich phase becomes a continuous phase.

siloxane)s were determined using a TA Instruments
DMA 2980 dynamic mechanical analyzer at a heat-
ing rate of 2 °C/min from 45 to 300 °C. The samples
(15 mm x 5 mm) were run at a frequency of 1 Hz
with a film tension clamp. The peak temperature in
tand was chosen as the T,. At least three specimens
were tested. Stress-strain tests were also performed
on the same equipment using the TMA Controlled
Force mode. The PIS samples (20 mm X 4 mm)
were clongated at a ramp force of 4 N/min at room
temperature. At least five specimens were tested.
The dynamic viscosities of the PISs were measured
with a rheometric dynamic spectrometer (model:
RDS-7700, Rheometrics, Inc.) from 250 to 400 °C
at a heating rate of 2 °C/min. A VG Microlab Mark
Il scanning Auger microscope equipped with a 150
°C sector energy analyzer was used to perform X-
ray photoelectron spectroscopy measurements of the
surface concentration of the silicon in the PIS films.
The base pressure of the system was below 1x10710
Torr. The X-ray source was mainly the Mg K, line
(1253.6 eV) produced at 15 KV and 20 mA. The
take-off angle and the pass energy used in the XPS
measurements were 90° and 50 eV, respectively. The
peel strength was measured on a self-designed peel
tester (model HT-8116, Hung TA Instrument Co.,
Ltd.). The tester was constructed with a special
design sample holder to maintain a 90° peel angle.
The peel strength was measured using a 4 Kg load
cell with 8x107* Kg resolution and was transmitted
to a personal computer for data processing. The
measured peel strength was averaged when the force
reached a steady state. The hot-pressed PIS films
were cut into 2~3 mm wide strips with a sharp knife.
The peel strength of the film/substrate joint was mea-

sured at the peel rate of 10 mm/min. At least four
specimens were tested. The peeled-off PIS film sur-
face from PIS/alloy-42 joints was examined using a
Hitachi S-4000 scanning electron microscope after
prior vapor deposition of a thin gold film.

Results and Discussion

All the BTDA/m-BAPS based poly(imide
siloxane)s can be cast to form flexible free standing
films. Their thermal characteristics and morpholo-
gies have been presented in our previous paper [21].
In this paper we aimed to study the effect of bond-
ing conditions of the PIS films onto the alloy-42
substrate and the effect of their surface charac-
teristics, morphology, and flowability on the adhe-
sion strength in order to design a better PIS film for
the LOC package. In the LOC packaging process,
low bonding temperatures are desirable, yet they
must be high enough to render the best possible ad-
hesive strength. Usually, temperatures are in the
range of Ty+100 to Tg+150 °C and should not ex-
ceed 400 °C. The dynamic mechanical analysis data
in Table I show the glass transition temperatures
(Ty) of the aromatic imide block in the range of 195
to 251 °C; the tensile moduli decrease with the
mole ratio of APPS to PIS and with the APPS mo-
lecular weight. The results of microscopic mor-
phology of the PIS films are also shown in Table I.
Phase separation begins at PIS5Si2.7 for the PIS5Siy
series, at PIS7Sil.1 for the PIS7Siy series. In the
PIS9Siy series, the phase separation appears even at
a very low siloxane content (y = 0.4%). The silox-
ane-rich phase disperses in the BTDA/m-BAPS aro-



J. Polym. Res., Vol. 6, No.

Table I1. XPS analysis of poly(imide siloxane)s film surface.

3, 175-189, July 1999 181

Sample code

PIS5Siy PIS7Siy PIS9Siy
appsprs P TS (S i Sihad” Sl g Sid® Shed®
mole ratio (%. "y") (%) (%) (%) (%) (%) (%)
0.6 0.11 6.0£04 545 0.18 8.1 +0.38 45.0 0.27 9.1£0.6 33.7
1.1 0.20 7.3£09 365 0.33 9.2+09 279 0.49 10.2+£0.7 20.8
1.7 0.31 8.1+£0.8 26.1 0.51 9.2+£07 18.0 - -- --
2.7 0.49 9407 192 -- -- -- 1.20 120+ 0.8 10.0
7.7 1.47 10.1£0.6 6.9 2.27 11.5£04 5.1 3.26 15503 4.8
10.0 -- -- -- 2.93 121+£0.4 4.1 4.16 15.8+0.5 3.8
13.7 -- -- -- 3.97 123+£0.8 3.1 -- -- --
16.6 3.21 11.2+1.0 35 -- -- -- -- -- --
19.0 3.70 112208 3.0 -- -- -- -- -- --
Pure BTDA/APPS, PSI* 10.1 138+ 1.0 1.4 13.1 16.1£1.0 1.2 15.5 199+1.2 1.3

(a) Calculated.

(b) Surface.

(c) R = [Siyurel/[Sipuil-

(d) Not determined.

(e) The pristine BTDA/APPS poly(siloxane imide) (PSI).

matic imide rich phase. The siloxane phase becomes
a continuous phase as the mole ratio of APPS/PIS
reaches 7.7%, 10.0%, and 16.6% in PIS9Siy,
PIS7Siy, and PIS5Siy, respectively.

The surface concentrations of silicon on the
PIS films from the theoretical calculation of the bulk,
[Sipuik], and the XPS analysis, [Sig,s], are listed in
Table II. It is observed that the surface concentra-
tions of silicon [Sig,¢] on all the PIS films are much
higher than the corresponding bulk concentrations
[Sipyk] - It is well known that the surface energy of
a solid sample can reach the lowest value at an equi-
librium state. Because of the relatively low surface
energy (or critical surface tension) of BTDA/APPS
poly(siloxane imide) in comparison with that of the
pure BTDA/m-BAPS polyimide (unmodified
polyimide) as shown in Table III, APPS tends to
migrate to the surface, where it produces a low en-
ergy surface. As shown in Table II, [Si,,] increases
with the content and the molecular weight of APPS
in the PIS films before the siloxane imide block be-
comes a continuous phase. The [Siy,¢] does not
further change as the mole ratio of APPS/PIS reaches
27.7%, 10.0%, and 16.6% in PIS9Siy, PIS7Siy, and
PIS5Siy, respectively. This may be attributed to the
siloxane imide blocks for a continuous phase, as re-
ported in our previous paper [21], in the PIS matrix
as the mole ratio of APPS/PIS 2 7.7%, 10.0% and
16.6% for PIS9Siy. PIS7Siy, and PISS5Siy,
respectively. However, the ratios of [Sig,.¢] t0 [Sipyx]
decrease with the APPS content and the molecular
weight of APPS in the PIS films. Because the sur-
face energy of the BTDA/APPS siloxane imide block
decreases with the APPS molecular weight, more of
the APPS segment should migrate to the surface dur-

Table III. Critical surface tensions (r.. dyne/cm) of poly(imide
siloxane)s™.

APPS/PIS

mole ratio (%, "y") PIS5Siy PIS7Siy PIS9Siy
0 32.2 32.2 322
0.6 23.6 22.0 20.6
1.1 23.0 21.7 20.4
1.7 22.6 217 20.3
2.7 22.6 21.6 20.1
7.7 22.3 21.1 19.8
10.0 - 20.8 19.8
13.7 -- 20.8 --
16.6 21.6 -- --
19.0 21.6 -- --
Pure BTDA/APPS, PSI'* 20.9 20.4 19.7

(a) Errors are less than 5%.
(b) Not determined.
(c) The pristine BTDA/APPS poly(siloxane imide) (PSI).

ing heating to make the surface energy as low as
possible if the PIS has a lower APPS content or a
shorter APPS segment. The pristine BTDA/APPS
poly(siloxane imide)s have the ratios of [Sig, ]/
[Sipy] in the range of 1.2 to 1.4. This means that
even in the pure pristine poly(siloxane imide), the
surface concentration of silicon is slightly greater
than the bulk concentration.

The critical surface tensions (y.) of BTDA/m-
BAPS based poly(imide siloxane) films are listed in
Table III. Note that a significant decrease in the
critical surface tension is observed between the
pristine BTDA/m-BAPS polyimide and the PIS
films, even at low APPS content. The ¥, values are
in the range of 23.6~21.6, 22.0~20.8 and 20.6~19.8
dyne/cm for the films PISS5Siy, PIS7Siy, and
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Figure 1. The dependence of the critical surface tension on the
surface concentration of silicon of the PIS films (o) PIS5Siy, ()
PIS7Siy. and (A) PIS9Siy.

PIS9Siy, respectively. The Y. of the PIS film de-
creases with the content and the molecular weight
of APPS. According to L. H. Lee’s proposal [14],
the critical surface tension of a copolymer is related
to the mole fraction and the critical surface tension
of each homopolymer. The critical surface tension
of the film is governed by the composition of the
surface layer. In turn, the composition of the sur-
face layer affects the interfacial adhesion of the film
with the other substrate, here, the alloy-42 plate.
We will discuss this effect in the following section.
The dependence of the critical surface tension on
the surface concentration of silicon [Si,,} in the
PIS films is shown in Figure 1. In PIS5Siy films,
the critical surface tension is inversely proportional
to the surface concentration of silicon, but there is a
discontinuity at y. = 22.6 dyne/cm at which the mor-
phology changes from homogeneity to inhomo-
geneity. In PIS7Siy films, the linear curve of ¥,
versus [Sig, ] deflects at y. = 21.7 dyne/cm, where
phase separation begins. In PIS9Siy films, the vy, is
linearly dependent on the [Siy,s] in all tested
compositions, all in two phase morphology (inhomo-
geneous morphology).

The peel strength between the PIS films and
the alloy-42 substrate, and the peeled-off PIS sur-
face are studied to explore the effect of the APPS
on the interfacial adhesion. The surface of the al-
loy-42 substrate is first cleansed before bonding with
the designated process. In addition, the substrate
surface is further treated with d-UV/O;, which has
been used to improve the surface wetting of cleansed
ITO glass in liquid crystal display (LCD) manu-
facture. The deep UV light can decompose the oxy-

A 5Si0.6/alloy-42
0 S5Sil.l/alloy-42

£

Peel strength (N/cm)
o0

(5]

S

Ol by L e by e

300 320 340 360 380 400 420

Bonding temperature (°C)

Figure 2. Effect of the bonding temperature on the peel strength
between the PIS film and alloy-42 at a constant pressure of 6
Kg/cm? and bonding time of 2 seconds.

gen molecule O, to form oxygen atoms, which, in
turn, combine with oxygen molecules to form ozone
molecules. The deep UV light and ozone molecules
work together to cleanse the glass surface by a spe-
cific chemical reaction which decomposes the
adsorbed organic monolayer and improves the sur-
face wetting. The data of Table IV show that the
d-UV/O; treatment significantly improved the sur-
face wetting of the alloy-42 plates and the slide glass
within one minute. After twenty seconds the con-
tact angle of water on the alloy-42 substrate de-
creased from 32° to 4°, and down further to 0° after
one minute. On the glass slide surface, the water
contact angle decreased from 33° to 6° after 20
seconds, and down further to 0° after one minute.
Figure 2 shows the dependence of the
peel strength of the PIS5Si0.6/alloy-42 and the
PIS5Sil.1/alloy-42 interface on the bonding
temperature. The peel strength increases dramati-
cally with the bonding temperature: the higher the
bonding temperature, the higher the peel strength.
This result may be due to the higher flowability of
the same PIS film at the higher temperature. Fig-
ures 3 and 4 show the peel strength between the
PIS5Si0.6/alloy-42 and the PIS5Sil.1/alloy-42 inter-
face as a function of the bonding pressure and time,
respectively. It is found that a bonding pressure of
no less than 6 Kg/cm”® is required to obtain an opti-
mum peel strength. The peel strength does not
change if the bonding time is in the range of 2~10
seconds. To compare PIS films with different con-
tents and molecular weights of APPS, in this study,
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Figure 3. Effect of the bonding time on the peel strength be-
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Figure 4. Effect of the bonding pressure on the peel strength
between the PIS film and alloy-42 at a constant temperature of
400 °C and bonding time of 2 seconds.

the bonding condition for all the PIS films was mea-
sured performed at a temperature of 400 °C or
Tg+150 °C with a pressure of 6 Kg/cm?® for 2 seconds.

Figure 5 shows the effect of the d-UV/O; irra-
diation on the peel strength of the PIS5Si0.6/alloy-
42 joint. It is found that irradiating the alloy-42
substrate with d-UV/O; for one minute can improve
the peel strength to a magnitude of = 20%, but irra-
diating the PIS film degrades the peel strength

(™ |
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Figure 5. Effect of the time of irradiation with d-UV/O; on the
peel strength between the PIS5Si0.6 film and alloy-42 substrate
by treating the film and substrate separately.
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Figure 6. The dependence of the peel strength of the PIS film/
alloy-42 joint on the critical surface tension of the PIS films at a
bonding temperature of Tg+150 °C. (*film thickness).

significantly. The data in Table V further confirm
that an increase of at least 20% in the peel strength
of all the tested PIS5Siy/alloy-42 joints can be
achieved by irradiating the alloy-42 plate for just
one minute, a really simple way to improve the peel
strength.

The dependence of the peel strength of the
PIS/alloy-42 joints on the critical surface tension is
shown in Figure 6. For PIS5Siy films, the peel
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Figure 8. The measurement of the true interfacial adhesion be-
tween the PIS5Siy films and alloy-42 from the dependence of the
peel strength on the film thickness.

strength is linearly proportional to the critical sur-
face tension (7.) but displays a discontinuity at y, =
22.6 dyne/cm, where/at which point the morphology
changes from homogeneity to inhomogeneity. The
slopes of the upper linear curve and lower curve are
different. In PIS7Siy systems, the linear dependence
of peel strength on the critical surface tension de-
flects at y. = 21.7 dyne/cm, at which point two-
phase morphology appears instead of homogeneous
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Figure 9. The measurement of the true interfacial adhesion be-
tween the PIS films and alloy-42 from the dependence of the
peel strength on the film thickness.

Table IV. Changes in water contact angles upon exposure to d-
UV/O; for alloy-42 or slide glass substrate.

Substrate Exposure time Water contact angle
(SCC) (o)un
Alloy-42 0 32
Alloy-42 20 4
Alloy-42 40 3
Alloy-42 60 0
Alloy-42 120 0
Slide glass 0 33
Slide glass 20 6
Slide glass 40 5
Slide glass 60 0
Slide glass 120 0

(a) Errors are less than 5%.

Table V. Effect of the d-UV/O; treatment on the peel strength of
PIS film/alloy-42 substrate joints at a bonding temperature of
To+150 °C.

Property Peel strength ( N/cm )
Sample code'™ Untreated Treated™
58i0.6 104 £ 0.6 12.8 £ 0.7
5Sil.1 9.4 +0.5 11.4£0.5
5Sil.7 8.1+0.7 9.8+05
58i2.7 1.8+0.2 22+02
5Si7.7 1.0+ 0.1 1.2+£0.1
55i16.6 0.5x0.1 0.6+0.1

(a) The film thickness is 52+2 pm.
(b) The alloy-42 substrate is additionally treated with d-UV/O;
for 1 minute.
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TableVI. The peel strength and true interfacial adhesion of PIS films/alloy-42 joints at a bonding temperature of 400 °C.

Characteristics

Thickness (um)

True interfacia

Strength (N/cni adhesion
Sample code 8% 1 202 282 34+ 4312 522 62+ 1 (N/cm)
Unmodified CBP.™ 6005 73106 8.2+0.7 9.2+£0.6 9.9+0.6 8.2+0.7 3.6
58i0.6 C.B.P. 90£05 99+£05 109+06 12208 132107 10906 6.6
58il.1 C.B.P. 7.8+0.7 87%0.6 96+£05 106+0.7 11.5£06 9305 5.1
58il1.7 C.B.P. 59+£05 72£06 7.8 +0.7 8.6+0.7 9.9+0.5 8.1+0.6 3.5
58i2.7 1.8+02 33203 4.1%04 45+£04 5.8+£0.6 3.6+0.3 -0 0.9
58i7.7 1.1£02 25+04 33£03 29+03 1.8+0.3 1.2+0.3 -- 0
58i16.6" 1.0+02 24+03 29+04 1.5+£0.3 0902 0.6+0.1 -- 0
98i0.6 224202 50x£04 70106 6.8+0.6 49+04 1.1 +0.2 -- 0
9Sil.1 22202 53+£04 64104 48+£04 1.0 +0.2 -- -- 0
9S8il.7 14+£0.1 32103 47%204 32104 0.8+0.1 -- -- 0
98i2.7 09+£02 24£03 3005 26103 0.8+0.2 -- -- 0
(a) The PIS film cracked before peeling (C.B.P.) from the alloy-42 plate.
(b) Not determined.
(¢) The peel strength was 1.9+0.2 N/cm for the film thickness of 15 um.
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Figure 10. The dependence of the true interfacial adhesion of PIS5Siy/alloy-42 joint on (a) the surface concentration of silicon and (b)

the critical surface tension of the PIS films.

morphology. For PIS9Siy films with two-phase mor-
phology in all tested compositions, the peel strength
is linearly proportional to the critical surface ten-
sion without any discontinuity or deflection point.
Apparently, the morphology of the PIS films affects
the behavior of the peel strength of the PIS/alloy-42
joints. The interface adhesion behavior of two dif-
ferent types of PIS film-PIS5Siy and PIS9Siy-on al-
loy-42 plates is further discussed in the following
section.

The peel strength of the PIS/alloy-42 and the
unmodified polyimide (PI)/alloy-42 plate joints is
PIS or PI film thickness dependent, as shown in Fig-

ures 7~9 and Table VI. The peel strength of these
joints consists of the true interfacial adhesion (i.e.,
decohesive strength of the interface, or the peel
force per unit width in the absence of plastic defor-
mation) between the films and the alloy-42 plate
and the force for plastic deformation of the films
during peeling [28-33]. According to Gent and
Hamed [29], true interfacial adhesion can be ob-
tained by extrapolating the curve of the peel strength
dependence on the film thickness to zero thickness,
as shown in Figure 7. The plastic deformation con-
tribution to the peel strength can be obtained by
subtracting the true interfacial adhesion from the peel
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Figure 11. The peel strength between the PIS films and alloy-42
as a function of the reciprocal of bonding temperature.

strength. Figures 8 and 9 show the curves of the
peel strength dependence on the film thickness for
the PIS5Siy and PIS9Siy(also for unmodified PI),
respectively. It is found (also shown in Table VI)
that the incorporation of low content and low Mn of
siloxane in the PI improves the true interfacial ad-
hesion of PIS/alloy-42 joints. For PIS5Si0.6, the
improvement is 80% higher than that of the unmodi-
fied Pl/alloy-42 joint. However, the higher the si-
loxane content, the lower the maximum peel strength
for both PIS systems. The dependence of the true
interfacial adhesion of the PIS5Siy/alloy-42 joints
is inversely proportional to the surface concentra-
tion of silicon on the PIS films, as shown in Figure
10(a). The true interfacial adhesion becomes
zero after [Sigu¢] > 9.4% (that is, PIS5S5i2.7).
Figure 10(b) shows the true interfacial adhesion lin-
early proportional to the critical surface tension when
the PISS5Siy film is homogeneous at low siloxane
content. However, the true interfacial adhesion drops
rapidly when two phase morphology appears in the
PIS films, beginning at PIS5Si2.7. As shown in
TableVI, the true interfacial adhesion of PIS9Siy/
alloy-42 joints is zero in all compositions of the PIS
films. This result may be related to the two-phase
morphology of the PIS films in all tested composi-
tions in which the siloxane segments act as release
agents. Two different types of PIS films exhibit
different behaviors with regard to the true interfa-
cial adhesion. The activation energy for the bond-
ing process can be calculated from the dependence
of the peel strength of the PIS5Siy/alloy-42 and the
PIS9Si0.6/alloy-42 joints on the reciprocal of bond-
ing temperatures as shown in Figure 11. According
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Figure 12. Viscosity as a function of temperature for poly(imide
siloxane)s.

to the wetting kinetics of bond formation [13]
or = oy’ exp (-E, / RT) (1)

where oy is the adhesive bond strength at time t, 64°
that at time zero, E, the activation energy for the
adhesive bonding process (wetting activation
energy), R the gas constant, and T the bonding tem-
perature (K). The E,'s of PIS5Si0.6, PIS5Sil.1 and
PIS5S8i2.7 on alloy-42 are 7.9, 15.7, and 47.5 Kcal/
mole, respectively. PIS5Si2.7 has a much higher
activation energy in the adhesive bonding process
than the other homologue. It is found that in the
same series of PIS films, phase separation leads to a
much higher wetting activation energy. The activa-
tion energy of PIS95i0.6 is 24.4 Kcal/mole, higher
than those of PIS5Si0.6 and PIS5Sil.1, but lower
than that of PIS5Si2.7.

Figure 12 shows the dependence of the viscos-
ity of the PIS films on the temperature. The viscos-
ity of the film is related to the flowability under
bonding pressure. The higher the viscosity, the lower
the flowability. Usually, the higher flowability fa-
vors the diffusion process of the films in the bond-
ing process. If the diffusion is one of the controlled
factors in the bonding process, the flowability of
the PIS may affect the bonding strength. The vis-
cosity at 400 °C follows the order: PIS5S5i0.6 >
PIS5Sil.1 > PIS5Si2.7~PIS9Si0.6. Generally
speaking, the lower the viscosity, the faster the dif-
fusion process. But true interfacial adhesion also
follows the same order: PIS5Si0.6 > PIS5Sil.1 >
PIS55i2.7 > PI1S9Si0.6. Therefore, the flow ability
of the films at the bonding temperature is not the
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Figure 13. Scanning electron micrographs of the peeled-off PIS film surface from PIS film/alloy-42 joints at a 10 mm/min peel rate: (a)
without d-UV/Oj; treatment to alloy-42 plate for PIS5Si0.6, and (b)~(e) treating UV/Oj3 to alloy-42 for (b) PIS5S5i0.6, (c) PIS5Sil.1, (d)

PIS58i2.7, and (e) PIS9Si0.6.

key factor governing the bonding strength of the
PIS/alloy-42 joints.

The SEM micrographs of the peeled-off PIS
surfaces can be used to explore the fracture
mechanism. The SEM micrographs of the peeled-
off PIS surfaces are shown in Figure 13. Figure
13(a) shows the peeled-off surface of the PIS5Si0.6
film on the surface of alloy-42 without d-UV/O;

treatment. Comparing Figure 13(a) with the surface
morphology of PIS58i0.6 film on d-UV/QO;-treated
alloy-42 shown in Figure 13(b), it is evident that
treating the alloy-42 plate with d-UV/O; leads to a
more extensive roughness of the PIS film bonded on
the alloy-42 plate. The effects of the composition
of the PIS films on the extent of roughness of the
peeled-off PIS surfaces are shown in Figures 13(b)



188 J. Polym. Res.. Vol. 6, No. 3. 175-189. July 1999

~13(e). The extent of the roughness follows
the order: PIS5Si0.6 > PIS5Sil.1 > PIS5S8i2.7 >
P1S9Si0.6, the same order as that for true interfacial
adhesion, meaning that higher interfacial adhesion
makes the PIS film harder to peel off from the al-
loy-42 plate. Therefore, greater force is needed to
peel it off and more energy is consumed to pull the
polymer chain of the PIS film from the alloy-42
plate. Hence, rougher surface morphology is ob-
served on the higher interfacial adhesion PIS films.

PIS9Si0.6/alloy-42 joints with zero true inter-
facial adhesion have a peel strength higher than
PIS5Si2.7/alloy-42 joints with a true interfacial ad-
hesion of 0.9 N/cm, but the peeled-off surface from
the former joint is smoother than that from the latter.
It is reasonable to deduce that the peel strength of
PIS9Si0.6/alloy-42 joints is due to the force of plas-
tic deformation. ‘

On the other hand, the locus of the failure of
PIS film/alloy-42 joints was observed by the naked
eye during the peel test. The film was broken, not
peeled off, from the alloy-42 substrate during the
peel test, when the [Sig,¢] < (6.0 + 0.4)% for PIS5Siy
films. The break was in the PIS5Siy film (e.g.
P1S5S8i0.6) and was not due to interface delamination,
indicating that the strength of the interfacial
adhesion was greater than that of the PIS film.
However, PIS5Siy/alloy-42 joint delaminates at the
PIS5Siy/alloy-42 interface as the PIS5Siy film (e.g.
PIS5Sil.1) with the [Sigys] 2 (7.3 £0.9)%. Similarly,
PIS7Siy/alloy-42 and PIS9Siy/alloy-42 joints, when
[Sigurf]l = (8.1 £ 0.8)% for all tested PIS films, also
peeled from the interface.

Conclusions

The surface characteristics and the morphol-
ogy of the BTDA/m-BAPS based PIS films affect
the true interfacial adhesion between PIS films and
alloy-42 substrates. The surface concentration of sili-
con [Sig,s] on the PIS film is much higher than the
bulk concentration [Sip,]. The [Sigf] increases
with the content and the molecular weight of APPS
in the PIS films. However, the ratio of [Sig,] to
[Siyuk] decreases with the APPS content and the
molecular weight of APPS in the PIS films. The
critical surface tension of the PIS film decreases
with the content and the molecular weight of APPS.
The surface tension is also a function of the [Sigyg]
and the morphology of the PIS films. In either ho-
mogeneous or inhomogeneous morphology, the criti-
cal surface tension is inversely proportional to the
surface concentration of silicon, but the linearity be-
comes discontinuous or deflects as the morphology
changes from homogeneity to inhomogeneity.

PIS5Siy and PIS7Siy films exhibit the morphology
change from homogeneous phase to inhomogeneous
phase beginning at PIS5Si2.7 and PIS7Sil.l,
respectively. PIS9Siy films show two phases mor-
phology in all the film series and linear dependence
of the Y. on the [Sig,s]. The linear dependence of
the peel strength of the PIS/alloy-42 joints on the
critical surface tension also shows the same mor-
phology effect as mentioned above. The morphol-
ogy of the PIS films significantly affects the behav-
ior of the peel strength between the PIS films and
the alloy-42 substrates.

The peel strength of PIS5Si0.6/alloy-42 joints
strongly depends on the bonding temperature, and
may be due to the lower viscosity and higher
flowability of the film at the bonding temperature.
The surface treatment of the alloy-42 substrate with
d-UV/O; for one minute can improve the wetting of
the alloy surface and promote the peel strength be-
tween the PIS film and the alloy-42 plate to a mag-
nitude of at least 20%. The viscosities of the PIS
films at 400 °C follow the order: PIS55i0.6 >
PIS5Sil.1 > PIS5Si2.7~P1S9Si0.6, and the true in-
terfacial adhesion of these films also follows the
same order. Therefore, the flowability of different
PIS films at the bonding temperature of 400 °C is
not the key factor governing the bonding process of
the PIS/alloy-42 joints. The incorporation of
siloxane in the polyimide indeed improves the true
interfacial adhesion of PIS/alloy-42 joints. For
PIS5Si0.6, the improvement is 80% higher than that
of the unmodified BTDA/m-BAPS based polyimide/
alloy-42 joints. However, the higher the content
and the molecular weight of siloxane, the lower the
maximum peel strength for the PIS series. The true
interfacial adhesion of PIS9Siy/alloy-42 joints is zero
in all compositions of the PIS9Siy films. This re-
sult may be related to the two-phase morphology of
the PIS films. The true interfacial adhesion of
PIS5Siy is inversely proportional to the surface con-
centration of silicon and becomes zero after [Sigyf]
> 9.4% (that is, PIS5Si2.7). The adhesion is lin-
early proportional to the critical surface tension as
the PIS5Siy film is homogeneous at low siloxane
content. But the true interfacial adhesion decreases
rapidly as two-phase morphology appears in the PIS
films, starting at PIS5Si2.7.

The activation energy for the bonding process
of PIS5Siy/alloy-42 and the PIS9Si0.6/alloy-42 joints
can be calculated according to the wetting kinetics
of bond formation. The activation energies of
PIS5Si0.6, PIS5Sil.1, PIS5Si2.7 and PIS9Si0.6 films
on alloy-42 are 7.9, 15.7, 47.5 and 24.4 Kcal/mole,
respectively. The results show that the higher the
siloxane content, the higher the activation energy
for the adhesive bonding process. Also the phase
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separation significantly increases the activation
energy in comparison between PIS5Sil.1 and
PIS5Si2.7, PIS5Si0.6 and PIS9Si0.6. In the SEM
mic-rographs, the peeled-off PIS surfaces from the
joints show a rougher surface morphology with a
higher interfacial adhesion. It is reasonable to sur-
mise that the peel strength of PIS9Si0.6 may be due
to the force for plastic deformation because of the
relatively smooth peeled-off surface.
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